We present 87 Sr/ 86 Sr ratios of acid-washed residues, Rb/Sr, magnetic susceptibilities and deposition rates of loess and paleosols from the Luochuan loess section, China, covering the last 2.5 Ma. Paleosol residues have consistently higher 87 Sr/ 86 Sr than loess residues. This is attributed to the paleoclimate-related differences in chemical weathering intensity of the source area. This study indicates that the 87 Sr/ 86 Sr ratio of residues of loess and paleosols may be a proxy for chemical weathering intensity. This investigation reveals a long-term decrease in residue 87 Sr/ 86 Sr ratios and a general increase in deposition rates from 2.5 Ma to the present. This may imply a general rise in mechanical erosion intensity coupled with a general decline in chemical weathering intensity over the past 2.5 Ma. The regular oscillations of residue 87 Sr/ 86 Sr, Rb/Sr, and magnetic susceptibilities of loess and paleosols began at ~1.0 Ma and display a ~100 Ka cyclicity, which is consistant with the climate change being associated with the eccentricity-driven insulation cycle of ~100 Ka.
We present 87 Sr/ 86 Sr ratios of acid-washed residues, Rb/Sr, magnetic susceptibilities and deposition rates of loess and paleosols from the Luochuan loess section, China, covering the last 2.5 Ma. Paleosol residues have consistently higher 87 Sr/ 86 Sr than loess residues. This is attributed to the paleoclimate-related differences in chemical weathering intensity of the source area. This study indicates that the 87 Sr/ 86 Sr ratio of residues of loess and paleosols may be a proxy for chemical weathering intensity. This investigation reveals a long-term decrease in residue 87 Sr/ 86 Sr ratios and a general increase in deposition rates from 2.5 Ma to the present. This may imply a general rise in mechanical erosion intensity coupled with a general decline in chemical weathering intensity over the past 2.5 Ma. The regular oscillations of residue 87 Sr/ 86 Sr, Rb/Sr, and magnetic susceptibilities of loess and paleosols began at ~1.0 Ma and display a ~100 Ka cyclicity, which is consistant with the climate change being associated with the eccentricity-driven insulation cycle of ~100 Ka.
The loess-paleosol sequences of the Loess Plateau in China represent one of the most complete non-marine stratigraphic records known covering the last 2.5 Ma. Magnetic susceptibility, grain size, C and O isotopes in loess profiles at Luochuan have all been comprehensively investigated and the results provide important clues to paleoclimatic change over the last 2.5 Ma Liu, 1982, 1984; Liu and Yuan, 1987; Heller and Evans, 1995; An et al., 1990 An et al., , 1991 An et al., , 1994 Porter and An, 1995; Xiao et al., 1992; An and Porter, 1997) . Two pioneering studies on the Sr isotope systematics of loess profiles at Luochuan have been reported (Liu et al., 1994; Gallet et al., 1996) . Liu et al. (1994) analyzed two loess samples from the Central Loess Plateau to compare the Sr isotopic compositions of loess deposits with those of desert sand. Gallet et al. (1996) investigated Sr isotope ratios of the Chinese Luochuan loess and paleosols. Their results show that Sr iso-
INTRODUCTION
Changes in weathering intensity (chemical weathering and mechanical erosion) on the continents during the Cenozoic have been driven by multiple forces, including orogenesis and climate. The loess on the central Loess Plateau, China, originates from the Asian winter monsoon resulting from uplift of the Himalayas-Tibetan Plateau. Loess is the product of continental chemical weathering and mechanical erosion, and thus should related to weathering intensity. Furthermore, accumulation rates of loess are generally greater than those of marine deposits and so provide a higher resolution record. Although still in the development stage, the Sr isotope ratio of loess is rapidly emerging as a promising new tool for tracing variations in continental weathering intensity and the roles of tectonic and paleoclimatic change. topic compositions are rather uniform in both loess and paleosols and do not vary with stratigraphic position. They considered that the isotopic homogeneity in the Luochuan sequence strongly suggests a uniform source region during the entire period of deposition since ~800 Ka. The above two studies (Liu et al., 1994; Gallet et al., 1996) , although pioneering, only considered information from whole samples which are mixture of distinct components.
Carbonates in the Luochuan loess-paleosols (calcite and dolomite) make up generally between 3 and 15 wt % of the whole sample. Differences in mineral morphology seen under the microscope, indicate that detrital carbonate in loess and paleosols represents a significant proportion of the carbonate. Strontium in loess and paleosols is found in two groups of minerals. One group consists of detrital minerals, mainly feldspar, dolomite and clay minerals, deriving from the weathering and erosion of source regions. The other group, secondary carbonate, mainly secondary calcite, is mostly pedogenic and formed postdepositionally. Because most calcite in loess and paleosols is of secondary origin, in order to trace information on the weathering and erosion intensity in the wide source regions, it is necessary to separate the Sr in detrital minerals from that in calcites. A series of acid-leaching experiments have been developed previously by Yang et al. (2000) and the results demonstrate that dilute acetic acid (0.1 M, 0.5 M) leaching of the loess and paleosol samples will dissolve calcites but not the detrital minerals (quartz, feldspar, clay minerals and dolomite). The Sr isotope composition of the supernatant liquid leached by weak acetic acid represents the ratio of calcite of the loess and paleosols, while the Sr isotopic composition of the residue reflects the nature of the source regions.
This paper reports a study on 87 Sr/ 86 Sr ratios of acid-leached residues, Rb/Sr ratios, magnetic susceptibility and deposition rates of loess and paleosols from the Luochuan Loess section, China. The study demonstrates that the 87 Sr/ 86 Sr ratios of residues and the deposition rates of loess and paleosols are proxy indicators of chemical weathering intensity and mechanical erosion intensity, respectively.
THE LUOCHUAN PROFILE AND SAMPLING
Loess and paleosol samples were collected from the entire Heimugou profile near Luochuan (35°45′ N, 109°25′ E) in the central Loess Plateau north of Xi'an in Shanxi Province, northern China (Fig. 1) .
The total thickness of the Luochuan section is about 140 m and spans the time interval from ~2.5 Ma to the present. It comprises five units from the base upwards: the Red Clay (RS), the Wuchen Loess (WL4-WS1), the Lishi Loess (L15-S1), the Malan Loess (L1) and the Holocene Soil or Loess (S0) (Fig. 2) . The Luochuan section consists of thirty-nine alternating levels of loess and paleosols. The samples were collected from each level of loess or paleosol and thirty-nine samples in total were collected and analyzed in the present 
study.
The mineral composition of loess and paleosols is basically invariant and generally includes quartz, mica, feldspar and chlorite (85-90%) as well as secondary minerals, such as kaolinite, vermiculite, carbonate. The paleosols contain slightly more weathering products, such as kaolinite, vermiculite and smectite, than the loess. Greater amounts of kaolinite, vermiculite and smectite occur particularly in the Red Clay.
METHODS AND RESULTS
The loess-paleosol samples were gently squeezed and crushed with a hammer. Grinding was avoided. Carbonates in the sample powders were selectively dissolved with ultrapure 0.5 M acetic acid at room temperature for 4 hours. After centrifugation, the residue was decomposed with HF + HNO 3 + HClO 4 .
Sr was separated using standard ion exchange techniques and Sr isotopic analyses were performed on a VG 354 mass spectrometer with 5 collectors at the Center of Modern Analysis, Nanjing University. Sr isotopic ratios were normalized to 86 Sr/ 88 Sr = 0.1194. Reproducibility and accuracy of Sr isotope runs have been periodically checked by running the Standard Reference Material NBS 987 during the past five years, with a mean value of 0.71034 ± 0.00004 (uncertainty given as two sigma of the mean). The analytical blank was 1 ng for Sr. The experimental details have been described previously by Yang et al. (1994) . Elements of Rb and Sr of loess, paleosols, and residues were determined on a VF-320 X-ray fluorescence spectrometer.
The magnetic susceptibility of the samples was determined on a Bartington susceptibility meter and a MS2F probe with an operating frequency of 0.58 kHz at Xi'an Laboratory of Loess and Quaternary Geology, Academia Sinica, China.
Two approaches to establish the chronology at Luochuan have been used. Stratigraphically consistent thermoluminescence ages were obtained from the Malan Loess (Porter and . Variations in magnetic susceptibility correlate closely with the global marine δ 18 O record. The magnetic susceptibility profile with the SPECMAP marine oxygen-isotope (MIS) time series have been correlated. By using the magnetic susceptibility record, the chronology of the profiles of the loesspaleosol sequence at Luochuan has be established Kukla et al., 1988; Forman, 1991; Porter and An, 1995; An and Porter, 1997) .
The Sr isotope results for the residues of loesspaleosols, Rb/Sr ratios of residues and magnetic susceptibility of the whole-rock samples from the Luochuan section are listed in Table 1 (Fig. 2) . The values of the loess levels are generally lower than those of the paleosol levels. The average values of the loess and paleosol levels are 0.720251 and 0.720730, respectively.
Microscopic differences in mineral morphology have allowed Wen (1989) to perform calculations of possibility statistics and area ratios for the Luochuan loess samples and concluded that calcite is mostly of secondary origin. Liu (1985) and Chen et al. (1997) also reached similar conclusions. Consequently, the Sr isotopic composi- (Yang et al., 2000) because they are mainly derived from ancient marine carbonate strata of loess source districts (Wen, 1989) .
The difference between residue 87 Sr/ 86 Sr ratios of loess and paleosols reflects their different environments of formation. Loess on the Loess Plateau of China accumulated during glacial times, whereas the paleosol formed during interglacials Yang, 1996 (Fig. 2) .
The paleosols form in warm and wet environments. They result from increased chemical weathering. The largest peaks in the curve of residue 87 Sr/ 86 Sr occur in the paleosol of S5 (from 0.6 to 0.4 Ma) (Figs. 2 and 3) , which is found during one of the strongest periods of the Asian summer monsoon during the Plio-Pleistocene and represents a long-term warm period with strongly chemical weathering (Chen and Zhang, 1993) . The largest-amplitude positive shifts of Rb/Sr ratios and magnetic susceptibility of loess and paleosols also occur in S5. Variations in Rb/Sr ratios in the sequences have been interpreted as indicating East Asian summer monsoon strength and are closely related to chemical weathering (Chen et al., 1999) . Several genetic models have been suggested relating magnetic susceptibility to climate change (Heller and Liu, 1984; An et al., 1991) . Magnetic susceptibility possibly records circulation changes of the summer monsoon Heller and Liu, 1984) , although the mechanism remains unclear. This confirms that strong chemical weathering occurred during the period of development of paleosol S5. It can be infered that the stronger the chemical weathering is, the more detrital carbonates with low 87 Sr/ 86 Sr ratio are removed, and the higher the 87 Sr/ 86 Sr ratio of residues is. Therefore the 87 Sr/ 86 Sr ratio of residues may be a proxy indicator of chemical weathering intensity.
On the other hand, the deposition rate is closely related to mechanical erosion. The paleosol of S5 exhibits a long-term low deposition rate (Fig. 2) . This indicates decreased mechanical erosion during the time of the paleosol S5. The negative relation between 87 Sr/ 86 Sr ratios and deposition rate occurs not only in the paleosol S5, but also in all loess and paleosol levels (Fig. 2) , implying the existence of a generally negative relation between mechanical erosion intensity and chemical weathering intensity. This is consistent with the suggestion that weaker monsoons are associated with stronger glaciation in the Himalayas (Ruddiman and Kutzbach, 1989; Prell and Kutzbach, 1992) , leading to increased mechanical erosion intensity and decreased chemical weathering intensity (Burbank et al., 1993) .
TWO STAGES OF CHANGE IN
87 Sr/ 86 Sr RATIO
OF RESIDUES
The changes in residue 87 Sr/ 86 Sr and deposition rates throughout the 2.5 Ma are nonlinear, and can be subdivided into two major stages, with a transition period from about 1.1 to 0.9 Ma, i.e., depth from about 72 to 57 m (Figs. 2 and 3) . The lower group from 2.5 to 1.1 Ma shows a high average value in residue 87 Sr/ 86 Sr and low deposition rates, indicating high chemical weathering rates and low erosion rates. The upper group from 0.9 to the present shows a low average value and a high-frequency change in residue 87 Sr/ 86 Sr and high deposition rates, indicating low chemical weathering rates and high erosion rates. Zheng et al. (1994) have confirmed, based on a mineralogical investigation, that the Red Clay and the Wuchen Loess of the lower group contain obviously more pedogenic clay minerals formed by chemical weathering, such as kaolinite, smectite and vermiculite and that they have finer mean grain size than the upper group, implying that the Red Clay and the Wuchen Loess may have been deposited under conditions of higher chemical weathering rates and lower erosion rates, thereby leading to lower deposition rates, finer mean grain size, more pedogenic clay minerals and higher residue 87 Sr/ 86 Sr. In contrast, the upper group may have been deposited under conditions of lower chemical weathering intensity and higher erosion intensity, leading to higher deposition rates, coarser mean grain size, less pedogenic clay minerals and lower residue 87 Sr/ 86 Sr. By investigating clastic sediments from the Bengal Fan ultimately derived from the Himalayas, three main intervals of deposition can be defined mainly based on variations in lithology, sedimentation rate, grain size and clay mineralogy. Prior to 7.4 Ma and after 0.9 Ma sedimentation rates were high, and lithologies were predominantly monotonous silts with illite and chloriterich clay fractions. Between 7.4 Ma and 0.9 Ma, deposition rates were lower and mean grain size finer. Sediments are mostly muds with smectite and kaolinite clay (Derry and France-Lanord, 1996) . Based on clay mineralogy, major element, stable and radiogenic isotopes, Derry and France-Lanord (1996) considered that an interval of high chemical weathering intensity but lower physical erosion rates existed in the Ganges-Brahmaputra basin from 7 to 1 Ma, with ~1 Ma being a transition period from high to low chemical weathering intensity and a switch to mechanically dominated and rapid erosion on the Himalayan foreland. The present study and the investigation of Derry and France-Lanord (1996) demonstrate the existence of a significant transition period, ~1 Ma, from high chemical weathering intensity and low erosion intensity before ~1 Ma to low chemical weathering intensity and high erosion intensity after ~1 Ma in the widely separated surrounding areas of both the south and north sides of the HimalayaTibet Plateau.
OSCILLATIONS OF CYCLE OF ~100 Ka
The regular oscillations of residue 87 Sr/ 86 Sr of loess and paleosols began at ~0.9 Ma and have 8~9 periods from 0.9 Ma to the present (Fig. 3) . This may be related to the orbital parameters, such as the eccentricity-driven insolation cycle of ~100 Ka. Not only the residue 87 Sr/ 86 Sr, but also the Rb/Sr and magnetic susceptibility of loess and paleosols show similar changes. The similarity among the changes of residue 87 Sr/ 86 Sr, Rb/Sr and magnetic susceptibility of loess and paleosols may imply that they may be ultimately driven by a common force caused by the significantly cyclic change of climate. For example, several workers (Farley et al., 1997; Kortenkamp and Dermott, 1998) postulated that, at about 1 Ma, an increase in the amount of interplanetary dust or meteorites occurred, which might have brought about the sudden onset of glacial periods of the 100 Ka cycle.
LONG-TERM CHANGE IN CHEMICAL WEATHERING AND MECHANICAL EROSION INTENSITIES
In general, a decreasing trend of residue 87 Sr/ 86 Sr ratios of loess and paleosols from 2.5 Ma to the present are visible in our results (Fig. 3) Sr of loess and paleosols, the deposition rate shows a general increase from ~2.5 Ma to the present (Fig. 3) . Figure 4 shows average rates of change of residue 87 Sr/ 86 Sr and deposition rate of loess and paleosols.
There may be two reasons to explain the longterm changes in residue 87 Sr/ 86 Sr of loess and paleosols. The first reason is due to a change in the loess source region, which would cause variations in mineral composition and grain size. However, Zheng et al. (1994) working on the Luochuan and Xifeng sections of the Loess Plateau, found no evidence for regular changes in concentration and grain size of detrital minerals. Only some minor minerals (kaolinite, smectite and vermiculite) show changes in concentration, which may be associated with chemical weathering intensity. Additional evidence comes from the research of Gallet et al. (1996) . They considered that the isotopic homogeneity in the Luochuan section strongly suggests a uniform source region during the entire period of deposition from ~800 ka to the present. Derry and France-Lanord (1996) have systematically investigated clastic sediments in the Bengal Fan and concluded that the Himalayan provenance for the eroded material has varied little since >17 Ma. At present, no convincing evidence for a change in loess source regions exists.
The second possibility is the change in chemical weathering intensity. The loess accumulation is related to continental chemical weathering. The variation in the continental chemical weathering intensity certainly would exert a tremendous influence on loess geochemistry. The loess on the central Loess Plateau, China, was transported by the Asian winter monsoon during the late Cenozoic. Loess is derived from the source materials that were particularly well mixed through multiple stages of sedimentary recycling. The composition of loess represents the effective averaging of source material of the upper crust (Taylor et al., 1983) . Therefore, the long-term decreasing trend of residue 87 Sr/ 86 Sr actually may suggest a total decline in chemical weathering intensity of the source area from ~2.5 Ma to the present. The deposition rate is affected by wind circulation strength and aridity in the source area. A general increase in deposition rate may be caused by gradual strengthening of the monsoonal winds and aridification from ~2.5 Ma to the present. This deduction is consistent with the finding of Clemens et al. (1996) , that is the growth of the Northern Hemispheric ice sheets over the past 3.5 Ma has weakened the Asian summer monsoon and increases the aridity of subtropical Asia and eastern Africa. A long-term increasing trend of the deposition rate of loess and paleosols may reflect the gradual strengthening of the Asian monsoon and the aridity of source regions from ~2.5 Ma to the present.
